Flavobacterium psychrophilum can be divided into three genotypes, G-C type (ayu type), A-C type (multi-fish type), and A-T type (salmon-trout type), by two single-nucleotide polymorphisms in the DNA gyrase subunit A (gyrA) gene. We isolated F. psychrophilum from various samples collected from the lower basin of a river flowing into Lake Biwa, as a model for bacterial survey, in Shiga Prefecture in June, September, and December from 2010 to 2013 and investigated their gyrA genotypes. All three types of F. psychrophilum were isolated in June when ayu went up the river from the lake. In September, ayu gathered in the lower river basin for spawning and became high in density, almost all of the isolates were of the G-C genotype and the A-T genotype was never isolated. In December, only the A-T type was isolated from the river samples, when Biwa trout Oncorhynchus masou rhodurus came to the river to spawn and were present in the sampling area. In accordance with the seasonal change of the host fish species in the river, the genotype of F. psychrophilum isolated from the environment seems to have changed as well.
Introduction
Bacterial cold-water disease (BCWD) and rainbow trout fry syndrome (RTFS) are a problem mainly with salmonid fish such as coho salmon Oncorhynchus kisutch, rainbow trout Oncorhynchus mykiss, and ayu Plecoglossus altivelis altivelis. The causative agent Flavobacterium psychrophilum is a Gram-negative, aerobic, long, rod-shaped bacterium (Bernardet et al. 1996) . The first report of F. psychrophilum infection was from North America in the 1930s. Since then, many countries have been affected, with economic losses reaching millions of dollars (Antaya 2008) . The disease caused by F. psychrophilum has been reported as the peduncle disease of rainbow trout (Davis 1946) , and the bacterium was isolated from juvenile coho salmon (Borg 1960) . In Japan, the ayu affected by F. psychrophilum was found in 1987 . Since then, almost all parts of Japan have been affected by F. psychrophilum, and it has spread not only in aquaculture facilities but also in natural rivers of Japan. F. psychrophilum has been isolated from various wild fish including akaza Liobagrus reinii, oikawa Zacco platypus, ookuchibass Micropterus salmoides, kadayashi Gambusia affinis, kawamutsu Nipponocypris temminckii, numa-chichibu Tridentiger brevispinis, and honmoroko Gnathopogon caerulescens (Arai et al. 2006; Izumi et al. 2007; Fujii et al. 2009 ), and from environmental samples such as river water and algae (Amita et al. 2000) .
Treatments designed to cure BCWD include chemotherapy using sulfisozole sodium and florfenicol, which are the officially approved drugs to cure BCWD in ayu, and warmed water (28°C) treatment Sugahara et al. 2010a ). However, chemotherapy is restricted and undesirable because of the occurrence of drug-resistant bacteria (Rangdale et al. 1997; Bruun et al. 2000 Bruun et al. , 2003 . In addition, warmed water treatment may cause heat stress, oxygen deficiency, water quality degradation, and other diseases. Furthermore, although both methods are effective for closed systems in onshore aquaculture sites, it is impossible to use them in open natural rivers. Thus, prevention of BCWD is an essential and realistic approach to controlling its spread. Many countries and companies have been working toward the development of vaccines against BCWD such as injection, oral treatment, immersion, and live vaccines; however, they have not yet reached the practical stage.
In order to prevent the occurrence of BCWD, it is important to elucidate the infection route of this bacterium. Attempts have been made to investigate the distribution of the bacterium, but satisfactory results have yet to be obtained, in part because of its host specificity (Izumi et al. 2003; Yoshiura et al. 2006; Fujiwara-Nagata et al. 2012) . We have reported that F. psychrophilum can be divided into four genotypes using single nucleotide polymorphisms of the DNA gyrase subunit A (gyrA) gene (Fujiwara-Nagata et al. 2012 ). The first is a G-C type which was isolated from ayu, and the second is the A-T type which was isolated from salmonid fish. The third, G-T type, and the fourth, A-C type, are multi-fish types which were isolated from various fish species including ayu, salmonids, and cyprinids. The G-C type shows virulence in ayu, but the A-T and G-T types show no virulence in the fish. The A-C type shows both high and low virulence in ayu, that is, the A-C type isolated from ayu shows high virulence and the A-C type isolated from other than ayu shows low virulence in ayu. The G-T type was isolated from rainbow trout, yamame Oncorhynchus masou masou, amago Oncorhynchus masou ishikawae, and ayu from 2002 to 2005, and the isolation areas were also limited. The use of gyrA genotyping makes it possible to identify the host fish species of F. psychrophilum. As a next step to prevent the occurrence of BCWD in rivers, it is necessary to accurately understand the distribution of F. psychrophilum and the potential impact on fisheries owing to its occurrence in important fish species.
To contribute to the establishment of effective prevention measures for BCWD occurring in rivers, the purpose of this study was to elucidate the distribution status of each genotype of F. psychrophilum in the natural environment. We chose a river which flows into Lake Biwa as a model for bacterial survey, because it was clear and supported various fish species including ayu, salmonids, and cyprinids. The landlocked lake-produced ayu living in Lake Biwa, the largest freshwater lake in Japan, primarily spawns and dies in the downstream area of the inflowing rivers from September to October. The larvae grow in the lake from October to February of the following year, and from the beginning of March they return to the rivers around the lake. In the present study, samples of ayu, other fish species, river water, aquatic insects and their nests, algae adhering to the surface of stones, sand, and floating mud were collected, separated, and subjected to bacterial isolation. For the isolates identified as F. psychrophilum, gyrA genotyping was performed.
Materials and methods

Field sampling
Our field surveys were conducted in the lower basin of the river, which flowed into the northwestern part of Lake Biwa, in Shiga Prefecture in June, September, and December of 2010-2013 (sampling was missed in December 2010 and June 2012).
Fish including ayu, environmental samples such as river water, aquatic insects and their nests, algae adhering to the surface of rocks, and mud from the bottom of the river were sampled. With authorization from Shiga Prefecture, fish caught by electrofishing were kept at low temperatures in tanks with ice cubes and quickly transported to our laboratory. We caught only fish bigger than 5 cm in length.
Water samples were collected using sterilized plastic bottles and transferred to the laboratory at a low temperature with ice cubes. Water temperature was measured with a water temperature gauge. Furthermore, from June 2012 to December 2013, the river water temperature was continuously recorded by a data logger (UA-002-64, Onset Computer Corporation, MA, USA).
Sample processing
Fish (except lamprey)
Fish were euthanized by severing the spinal cord. Gill samples were cut into pieces of ~ 25 mm 2 and suspended in 1 ml of phosphate-buffered saline (PBS). When gill samples were collected, up to five fish of the same fish species were pooled in one microtube to make one specimen. Samples from internal organs and skin lesions were collected using a sterile loop and streaked directly onto FLP agar plates (Cepada et al. 2004) .
Lamprey
Using sterilized dissection scissors and tweezers, the head of the lamprey was cut out, minced, and homogenized in 1 ml of PBS. As much as possible, the meat pieces adhering to the homogenizer pestles were put in PBS, and the samples were weighed.
Caddisfly, shrimp, leech, and melania snail
The insects were separated from their nests using sterilized tweezers and then homogenized with pestles. As much as possible, the meat pieces adhering to the pestles were put in PBS, and the samples were weighed. Shrimp, leech, and snail samples were treated in the same way as aquatic insects.
Algae, sediments, and caddisfly cases
The algae attached to stones, sediments, and caddisfly cases collected from the river were weighed (0.5 g) and placed in tubes. The samples were briefly centrifuged, and their supernatants were then removed. One ml of PBS was added to the tubes.
Isolation of bacteria
All specimens were mixed by vortexing at maximum speed (3000 rpm) for 30 s, after which the samples were briefly (approximately 5 s) precipitated at 2840×g with a small tabletop centrifuge. The supernatants were further diluted to 10 −4 in PBS to obtain well-separated colonies, and 0.1 ml of each diluted sample was spread onto FLP agar plates. All plates were incubated at 4 °C for 14 days.
DNA extraction
Yellow colonies up to around 30 colonies in each plate were selected for identification as F. psychrophilum based on the PCR amplification according to the guidelines of the Council for the Control of BCWD of ayu (Japanese Ministry of Agriculture, Forestry, and Fisheries: https ://www. maff.go.jp/j/syoua n/suisa n/suisa n_yobo/ayu_reisu i/pdf/ sisin _2008.pdf Accessed 01 June 2019). Briefly, DNA was extracted directly from yellow-pigmented colonies using 1 µl of proteinase K in 200 µl of PCR buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl 2 , pH 8.0). The extraction and inactivation were performed at 55 °C for 30 min and at 95 °C for 10 min, respectively.
Polymerase chain reaction (PCR)
PCR was performed targeting the 16S rRNA gene with nested PCR ) and DNA topoisomerase IV subunit B (parE) gene (Izumi and Wakabayashi 2000) . When the PCR results were positive for both genes, the isolate was considered to be F. psychrophilum.
For the first round of 16S rDNA nested PCR, a universal primer pair, 20F (5′-AGA GTT TGATC(AC)TGG CTC AG-3′) and 1500R (5′-GGT TAC CTT GTT ACG ACT T-3′), was used (Weisburg et al. 1991) . For the second round of the nested PCR, we used the specific primer pair PSY1 (5′-GTT GGC ATC AAC ACACT-3′) and PSY2 (5′-CGA TCC TAC TTG CGTAG-3′) . The amplification for the first 16S rRNA PCR and the parE PCR were performed in a total volume of 12 µl with the following ingredients: 1 × reaction buffer (Bioline, London, UK), 0.25 mM of d-NTP mix, 1.2 mM of MgCl 2 , 0.4 µM of forward and reverse primers, 0.3 U of BIOTAQ™ (Bioline), and 2 µl of DNA template. As a template for the second 16S rDNA PCR, 2 μl of the PCR product of the first round diluted to 1/20 was used. The PCR conditions were as follows: predenaturation at 95 °C for 5 min, 30 cycles of denaturation at 94 °C for 20 s, annealing at 54 °C for 30 s, extension at 72 °C for 1 min, and a final cycle at 74 °C for 5 min. The PCR products (10 µl) and 3 µl of tracking dye were mixed and electrophoresed on 0.8% agarose gels with ethidium bromide to confirm the presence of a 1089-bp band for the 16S rDNA nested PCR and a 1017-bp band for the parE PCR.
gyrA on/off switch assay
A DNA sample positive for F. psychrophilum by the above PCR procedures was subjected to an on/off switch assay. Amplification primers with 3′-terminal phosphorothioate modification were as follows: gyrA-125-G forward primer (5′-TAT CAC CCA CAC ACG GAG AtG-3′), gyrA-125-A forward primer (5′-TAT CAC CCA CAC ACG GAG AtA-3′), gyrA-202-C reverse primer (5′-CTC CAT CTA CAG ATC CAA aG-3′), and gyrA-202-T reverse primer (5′-CTC CAT CTA CAG ATC CAA aA-3′) (Fujiwara-Nagata et al. 2012). The amplification was performed in a total volume of 14 µl with the following ingredients: 1 × PS buffer (Takara, Shiga, Japan), 0.25 mM of dNTPs, 0.4 µM of each primer, 0.45 U of Prime STAR (Takara), and 1 µl of template DNA. The PCR amplification conditions were as follows: initial denaturation at 95 °C for 5 min, 30 cycles of denaturation at 98 °C for 30 s, annealing at 61.5 °C for 5 s, extension at 72 °C for 30 s, and a final extension at 72 °C for 5 min. Subsequently, 5 µl of the PCR product was electrophoresed on 1 3 3% agarose gel with ethidium bromide to confirm the presence of a 115-bp band characteristic of F. psychrophilum.
Results
Prevalence of F. psychrophilum in each sample for each season
Although there were variations in the number of isolates, F. psychrophilum was found to be present in the model river throughout the year from 2010 to 2013 (Table 1 ). The gills of ayu caught in the river carried F. psychrophilum at a high percentage, 89% and 100% in June and September, respectively. F. psychrophilum was isolated from the kidney of 39 and 47% of individuals in June and September, respectively. December was not subject to survey, as there were no ayu in the river. The proportion of F. psychrophilum isolated from the gills of fish species other than ayu was 60%, 52%, and 14% in June, September, and December, respectively. However, isolation of F. psychrophilum from their kidneys was low, 0%, 4%, and 0%, respectively. The proportion of F. psychrophilum isolated from the other samples including river water, caddisflies, their nests, algae adhering to the surface of stones, and sediment was 14%, 17%, and 4% in June, September, and December, respectively. During the field surveys, the symptoms of BCWD were seen only in ayu.
F. psychrophilum isolated from ayu
F. psychrophilum isolated from ayu was of the G-C and A-C types, and the A-T type was not detected ( Table 2 ). The G-C type was isolated from 74% (42/57 individuals) of the kidneys from F. psychrophilum-positive ayu collected in June and from 99% (109/110 individuals) of the kidneys from F. psychrophilum-positive ayu in September. The A-C type was isolated from the kidneys of ayu in June and September, but the rate of isolation was lower than that of the G-C type. Interestingly, there was no case where the A-C type alone was isolated from the gills of ayu. Both the G-C and A-C types were isolated from the gills of ayu at the same time in June (24%, 6/25 samples) and September (2%, 1/43 samples). The G-C and A-C types were also simultaneously isolated from the kidney of nine ayu individuals collected in June. It was confirmed that the G-C and A-C types of F. psychrophilum co-infected the same fish. G-C type and A-C type were detected from one specimen c G-C type and A-T type were detected from one specimen fishes other than ayu, the G-C type, A-C type, A-T type, G-C and A-C types, and G-C and A-T types were isolated at 64% (18/28 samples), 7% (2/28 samples), 14% (4/28 samples), 11% (3/28 samples), and 7% (2/28 samples), respectively. Aburahaya, kamatsuka, utsusemikajika, numa-chichibu, touyoshinobori, and sunayatsume were caught every surveyed month. Among these, only sunayatsume was confirmed as carrying F. psychrophilum each month. Co-infection of the G-C and A-C types was confirmed in sunayatsume in June and September. In the case of sunayatsume, it was confirmed that the G-C and A-C types were single or coinfected in June and September, respectively. In December, only the A-T type was isolated from sunayatsume. No symptoms of BCWD appeared in the sunayatsume.
F. psychrophilum isolated from fishes other than ayu
When the kidneys of fishes other than ayu were investigated, of the 14, 28, and 14 specimens collected in June, September, and December, respectively, only one specimen of utsusemi-kajika, collected in September 2013, had the G-C type. No symptoms of BCWD appeared in the utsusemi-kajika.
F. psychrophilum isolated from environmental samples
F. psychrophilum was isolated from aquatic insect nests, river water, algae, bottom sediments, shrimp, leech, and deposits such as leaves and roots of plants adhered to concrete blocks submerged in the river (Table 3 ). The bacterium was not isolated from aquatic insects or freshwater snails. In June, the G-C and A-T types from the river water and G-C and A-C types from the bottom sediment were isolated. In September, only the G-C type was isolated from aquatic insect nests, river water, algae, shrimp, and leech samples. In December, only the A-T type was isolated from deposits of aquatic insect nests and concrete blocks. 
Water temperature in the surveyed river
Discussion
Conventionally, two possibilities have been considered regarding the infection route of F. psychrophilum in ayu in the next season (Amita et al. 2000) . One is egg-associated transmission and the other is horizontal transmission from resident algae in the river as the infection source. Besides these two possibilities, it has been reported that the overwintering ayu present in a river carries the bacterial agent (Miyazaki 2008) . However, no overwintering ayu exists in the surveyed river investigated in this research. In this study, to clarify the mode of transmission of F. psychrophilum in ayu in a river, a target survey of F. psychrophilum in a river flowing into lake Biwa, as a model for bacterial survey, was conducted over 4 years by bacterial isolation from various samples including ayu, other fish species, and river environmental specimens.
The results of this study clearly show that the isolation rate of F. psychrophilum and the genotype present in the river varies depending on the season. In June and September, the G-C and A-C types of F. psychrophilum were isolated from various samples of the river but were not isolated at all in December. This was consistent with the existence of ayu, a host fish species of the G-C and A-C types, in the river. Ayu living in Lake Biwa spawns in a downstream area of an influx of a river into the lake from mid-September to late October and then dies. The hatched larvae grow in the lake from November to February of the following year, and from the beginning of March, they return to the rivers around the lake. Thus, ayu did not exist in the surveyed river in December, when the G-C and A-C types were not isolated.
This suggests that the presence of ayu affects the genotype appearance of F. psychrophilum present in rivers.
In December, the A-T type that shows host specificity against salmonid fish was isolated from the river, but the G-C type was not. At the sampling area in the river, Oncorhynchus masou rhodurus, a local trout called Biwa trout, swims upstream of the river to spawn in the season. In accordance with the seasonal change of the host fish species in the river, the genotype of the bacterium isolated from the environment seems to have also changed.
Various genotypes of the bacterium were isolated in the June survey; however, almost all of the isolates were of the G-C type in the September survey. One possibility is that this might be caused by the rise of river water temperature. reported that prevalence of F. psychrophilum in ayu was less than 10% in August, but it increased to above 90% in October. This difference in the prevalence of bacterium in ayu between August and October might be caused by a drop in water temperature to 15-20 °C, which is optimum for the bacteria (Uddin and Wakabayashi 1997) , and immune-suppression due to the maturation of ayu . The surveyed river in this study recorded the highest water temperature of 22 °C at night and 26 °C during daytime in August (2012 and 2013). Sugahara et al. (2010a) reported that the growth temperature of the bacteria might differ among the strains, nevertheless, the upper permissive temperature for growth was suggested to be 25-27 °C. In the future, it is necessary to investigate whether there is a difference in the temperature resistance ability among F. psychrophilum isolates and to investigate the possibility that the water temperature affects the seasonal genotype variation. Amita et al. (2000) described the possibility that fishes other than ayu were carriers of F. psychrophilum. As a result of this study, it became clear that the G-C type of the bacterium was widely distributed in the river in June and September. Genotypes of the bacterium detected from the samples collected from 2010 to 2013 were almost all G-C type detected from ayu, fishes other than ayu, and environmental samples. In December, the G-C type was no longer detected from any samples. Considering that fishes other than ayu must be persistently infected with the bacterium to become carriers, it is unlikely that fishes other than ayu would be carriers.
Furthermore, there was only one case where the G-C type was detected from the kidney samples of fishes other than ayu, which was in utsusemikajika, in September 2013. In the river, from spring to early summer, as the ayu moves in from Lake Biwa, the density of ayu rises sharply. This high density of ayu continues until ayu spawns in autumn and then dies. The reason the G-C was detected in fishes other than ayu was that as the amount of infected ayu increased, the amount of discharged bacteria from ayu accumulated, and the concentration of the bacteria in the rivers became high; therefore, the gills which have a contact surface with the river water were temporarily colonized with F. psychrophilum.
In fish samples other than ayu, only sunayatsume, or lamprey fish, had the G-C and A-C types of F. psychrophilum in June and September and the A-T type in December. Three genotypes of F. psychrophilum have been isolated from sunayatsume through 1 year. Juveniles of sunayatsume spend several years eating organic matter and diatoms in the middle and downstream of rivers. In late summer and autumn, juveniles transform into adults and their digestive organs disappear. Then, they spend the winter and spawn in next spring and die. Owing to this lifestyle, it is thought that it is easy for sunayatsume to possess the bacteria, and the bacterial types colonized in sunayatsume reflect the type of F. psychrophilum present in the river at the time. F. psychrophilum was isolated from sea lamprey in Lake Ontario (Elsayed et al. 2006) . Sunayatsume and umiyatsume belong to the order Petromyzontiformes and are grouped into Cyclostomata along with nutaunagi (hagfish). Cyclostomes present many primitive features, so they are regarded as important in evolutionary research. It would be interesting to know why sunayatsume are colonized by various types of BCWD bacteria, so this will be a topic for further research.
There is concern of the possibility that the environmental samples are a source of infection of BCWD. One report suggests that algae samples may be a source of F. psychrophilum among environmental samples (Amita et al. 2000) . Ayu eats aquatic insects at the early stages of moving up to the river and then it eats algae adhering to stones. Therefore, it is considered that the ayu that goes up a river has a greater chance of contact with environmental samples such as algae and aquatic insects. F. psychrophilum capable of showing pathogenicity in ayu has high physiological activity that retains colony-forming ability (Sugahara et al. 2010b ). Thus, we focused on F. psychrophilum as having colonyforming ability in this study. Our method for cultivating F. psychrophilum worked very well even from the gills of fish other than ayu and environmental samples. As a result of the distribution survey, the ratio of isolation of F. psychrophilum from the environmental samples was low even in June and September, and in December, the G-C and A-C types were not isolated from the environmental samples. A DNA survey distinguishing the F. psychrophilum genotype will be required in future study.
The results of this study reveal that the possibility of horizontal transmission of F. psychrophilum to ayu via a fish other than ayu or environmental samples is low. Although there are reports showing the possibility of vertical transmission of the bacterium in salmonid fish Kohara et al. 2012) , the possibility of the transmission in ayu is low (Kumagai et al. 2004) . In 2007, we collected fertilized eggs from a riverbed, fry, and juveniles, and tried to detect viable cells and DNA of F. psychrophilum. As a result, DNA of F. psychrophilum was detected from fertilized eggs and hatched larvae, but F. psychrophilum was isolated only from hatched larvae (data not shown). Neither DNA nor viable cells were detected from the juveniles. F. psychrophilum isolated from hatched larvae were of the G-C and A-C types. It was confirmed that these types of F. psychrophilum were in the surveyed river at this time, so it was understandable that hatched larvae could carry this bacterium. Further research should be conducted to investigate whether the juveniles are colonized by the bacterium. Yamamoto et al. (2015) reported that there were fewer juveniles of ayu infected with F. psychrophilum (less than 3%) according to a survey dealing with a large number of juveniles collected off the coast of Lake Biwa from November to February. In the case of ayu larvae descending to the sea, F. psychrophilum cannot survive in seawater, so it can be expected to be removed naturally; however, it is considered difficult to remove the bacterium from Lake Biwa, as it is a freshwater lake.
